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Coral gravel soils, which are composite soils consisting of ﬁnger-coral fragments and silt matrix, are often found in coastal regions of sub-
tropical islands. In this study, for reconstituted soils with various volumetric percentages of coral fragments up to 44% (coral particle fraction of
59%) as the densest package, a series of triaxial CU-bar and CD tests was conducted to study the determination method for the soil design
parameters in consideration of the interaction between the soil skeleton, consisting of coral fragments, and the silt matrix. For samples with
volumetric percentages of coral fragments less than 20% (coral particle fraction of 31%), the shear strength obtained from the CD tests was
slightly larger than that obtained from the CU-bar tests; however, the difference between the two tests was very small. For samples with
volumetric percentages of fragments more than 20% (coral particle fraction of 31%), the shear strength obtained from the CU-bar tests was
signiﬁcantly overestimated because of the unrealistically large negative excess pore pressure in the ﬁeld corresponding to signiﬁcant dilation. The
shear strength obtained from the CD tests also showed a similar tendency corresponding to volume expansion; however, these values are much
smaller than those obtained from the CU-bar tests. For the samples with a dense package of coral fragments, shear resistance angle ϕ was much
larger than that for normal soils; however, it tended to decrease in association with the particle crush of coral fragments. The tendency of the
particle crush was visually evidenced through CT-images taken before and after the triaxial tests. The soil parameters were signiﬁcantly
inﬂuenced by the volumetric percentages of the coral fragments in association with particle interaction and particle crush, when the percentage
was more than 20% (coral particle fraction of 31%) for the coral gravel soils examined in this study.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Coral gravel soil is a composite soil consisting of ﬁnger-
coral fragments and silt matrix. In the case of a small content
of coral fragments, the mechanical behavior is governed by the
silt matrix, but in the case of a large content of coral fragments,10.1016/j.sandf.2015.09.022
5 The Japanese Geotechnical Society. Production and hosting by
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der responsibility of The Japanese Geotechnical Society.the behavior is governed by the coral fragments. Generally
speaking, in geotechnical engineering, cohesion parameter c is
used to evaluate the undrained shear strength of soils with low
permeability, while angle of shear resistance ϕ is used to
evaluate the drained shear strength of soils with high perme-
ability. For coral gravel soils; however, it has not yet been
clariﬁed how to determine soil parameters c and ϕ in design
practice. The intrinsic mechanical performance of coral gravel
soils has not been studied because it is difﬁcult to collect
undisturbed samples of these coral fragments. Coral gravelElsevier B.V. All rights reserved.
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such as the Ryuku Islands in Japan. In those regions, coral
gravel soils have caused geotechnical issues for the above
reasons.
At construction sites in coastal regions of Okinawa, Japan,
soil sampling has been conducted using conventional samplers
such as the thin-walled tube sampler with a ﬁxed piston (JGS-
1221) and the rotary type of double-tube sampler (JGS-1222).
Soil samples collected from a construction site along a shore
road (Fig. 1) by the conventional rotary type of double-tube
sampler are shown in Photo 1. Coral gravel soils were found
from the surface to a depth of 8 m, and a lime rock layer was
found below this depth of 8 m that partially included some
coral gravel soils. As the edge of the sampler dragged the coral
fragments while coring the samples, the collected soil samples
were signiﬁcantly disturbed. This sample disturbance is one ofFig. 1. Coastal region in Urasoe City, Okinawa, Japa
G.L. –0.45 m
G.L. –1.50 m
G.L. –2.45 m
G.L. –3.45 m
G.L. –4.45 m
Photo 1. Soil samples collected by a conventional sampler: (athe reasons for the difﬁculties in evaluating the mechanical
properties of coral gravel soils.
Due to the difﬁculty of soil sampling, the mechanical
properties of coral gravel soils have not been well studied.
Although they are not coral gravel soils, some research works
on composite soils consisting of a clay matrix with sand–
gravel particles have been reported. Fragaszy et al. (1990)
modeled the variation in soil bulk density by considering the
contact effect between gravel and ﬁne clay particles. Fragaszy
et al. (1992) and Simon and Houlsby (2006) evaluated the
shearing characteristics of composite soils consisting of sand
and gravel particles. These studies focused on the grain-size
distribution for laboratory testing, which is prepared as either a
proportionally reduced grain-size distribution to the original
grain-size distribution or a ﬁner fraction of the original grain-
size distribution sieved by a certain maximum grain-size, ifn, where abundant coral gravel soils were found.
G.L. –5.45 m
G.L. –6.45 m
G.L. –7.45 m
G.L. –8.45 m
G.L. –9.40 m
) G.L. –0.45 to –5.45 m and (b) G.L. –5.45 to –10.40 m.
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original soil.
Kumar and Muir Wood (1999), Vallejo and Mawby (2000),
and Vallejo (2001) studied the shearing characteristics of
composite soils consisting of coarse particles and ﬁne particles.
These studies derived a common conclusion that the ﬁne
particles governed the shearing behavior if the coarse particle
fraction was small. The effect of the coarse particles on the
shearing behavior appeared when the coarse particle fraction
increased and exceeded a certain threshold value; then, the
coarse particles governed the shearing behavior when the
coarse particle fraction increased even further. However, the
studies reported different threshold values in the coarse particle
fraction and classiﬁed them into two different behaviors,
indicating that the threshold value depends on the soil proper-
ties. Crawford et al. (2008) studied the hydraulic conductivity
and the shear characteristics of composite soils consisting of
gravel and clay particles. Watabe et al. (2011) studied the
compressibility and permeability of composite soils consisting
of sand and clay in association with the soil skeleton and the
pore-size distribution.
For the coral gravel soils studied in this paper, the effect of
particle crush on the shearing behavior should be considered.
Lade et al. (1996) and Lobo-Guerrero and Vallejo (2005)
studied the effect of particle crush on the shearing behavior of
ordinary sands and gravels. Lobo-Guerrero and Vallejo (2006)
discussed the effect of particle crush on the shearing behavior
through simulations using the discrete element method (DEM).
In the present study, for reconstituted soils with various
coral gravel fractions, a series of triaxial tests (CU-bar and CD
tests) were parametrically conducted to study the determination
method for soil design parameters, such as c and ϕ, in
consideration of the interaction between the soil skeleton,
consisting of coral gravel fractions, and the silt matrix. Recent
researches, such as Jones (2011) and Yamano et al. (2011),
have reported that regions of coral distribution are extending to
temperate zones in response to global warming. Therefore, it
can be thought that geotechnical issues related to coral gravel
soils will be expanding from today’s subtropical regions in the
future.0
10
20
30
40
50
60
70
80
90
100
0.001 0.01 0.1 1 10
Pe
rc
en
ta
ge
 fi
ne
r b
y 
w
ei
gh
t (
%
)
Particle diameter (mm)
Fig. 2. Grain-size distribution curves: (a)The coral gravel soils examined in this study were collected
from the tidal ﬂats on the coast of Urasoe City, as shown in
Fig. 1. Natural coral gravel soils were excavated by a backhoe
and transported to the laboratory. The sample was sieved
through 2-mm mesh to divide the coarse particles from the ﬁne
particles. Herein, the coarse particles and the ﬁne particles are
called coral gravel and silt matrix, respectively. Note that the
silt matrix consists of sand, silt, and clay particles. Soil
specimens for the triaxial tests were prepared in several
proportions of coral gravel and silt matrix, as will be described
later.
For the silt matrix, the soil particle density was 2.76 g/cm3
and the liquid limit was 22.9%, However, because the plastic
limit was not performed, the silt was classiﬁed as non-plastic.
The grain-size distribution curve for the silt is shown in Fig. 2
(a). The ﬁne-grain fraction smaller than 0.075 mm was
approximately 50%, and the clay fraction smaller than
0.005 mm was approximately 17% (smaller than 0.002 mm
was approximately 13%).
For the coral gravel, most of it consisted of fragments of
ﬁnger corals with various shapes, diameters, and lengths
(Photo 2). Note here that there were many prominences on
the surface, as seen in the photograph. The grain-size
distribution curve obtained from the sieving test is shown in
Fig. 2(b). Since this curve does not represent the real
dimensions of the coral gravel fragments having complex
shapes, the longest and shortest dimensions of the fragments
remaining on the 9.5 mm mesh were measured, and the
averages along with the standard deviation were obtained as0
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silt matrix and (b) coral fragments.
Photo 2. Fragments of ﬁnger corals.
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dry-surface density of coral fragments was 2.35 g/cm3.
The mineral components of the silt matrix were examined
by X-ray diffraction and a typical result is shown in Fig. 3.
Although the ﬁne-grain fraction was approximately 50%,
typical clay minerals, such as kaolinite, illite, and smectite,
were not contained in it. In addition, quartz, that is a very
popular silica mineral for normal soils, was also not contained
in it. The main mineral for the silt matrix studied in this study
was aragonite, which is a dominant mineral expressed as
CaCO3 for corals (Chalker et al., 1985; Kleypas et al., 1999).
In other words, silica minerals, which are popular for most
normal soils, were not contained in the matrix of the coral
gravel soils. The fact that the silica matrix did not contain clay
minerals is consistent with the non-plastic property despite the
high ﬁne-grain fraction of 50%.
For silt matrixes of various coral gravel soils collected from
construction sites in the Ryukyu Islands, the relationship
between the silt fraction (between 0.005 and 0.075 mm in soil
grain diameter) and the clay fraction (smaller than 0.005 mm in
grain diameter) is plotted in Fig. 4 (Oyadomari and Zen, 2004).
The data are classiﬁed into three groups of soils with a
plasticity index larger than 20, a plasticity index smaller than
20, and non-plastic soils. The ﬁne-grain fraction of 50% and
the clay fraction of 17% for the coral gravel soils used in thisAngle of X-ray diffraction  2θ (deg)  
5          10         15         20        25         30         35        40
Arg: Aragonite
Fig. 3. Typical results of X-ray diffraction for the silt matrix of coral gravel
soils.
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Fig. 4. Relationship between silt fraction and clay fraction of silt matrix of
coral gravel soils.study can be plotted in the range of the concentrated data given
in Fig. 4. This fact indicates that the silt matrix for the coral
gravel soil used here is one of the typical coral gravel soils
found in the Ryukyu Islands. It is notable from Fig. 4 that most
of the silt matrixes of the coral gravel soils with a clay fraction
less than 50% do not show plasticity.2. Specimen preparation and triaxial tests
Volumetric percentages of coral fragments for the specimens
examined in this study were set to be 0%, 5%, 10%, 20%,
30%, and 44%, as shown in Table 1. The volumetric
percentage of coral fragments of 44% means the densest
package of the coral fragments, i.e., the coral fragments form
a strong skeletal structure. The silt matrix was prepared in a
water content of 30% and ﬁlled into the voids of the coral
fragments. The percentages of the silt matrix in bulk volume
became 100%, 95%, 90%, 80%, 70%, and 56% for the
volumetric percentages of coral fragments of 0%, 5%, 10%,
20%, 30%, and 44%, respectively. Those volumetric percen-
tages of coral fragments can be transformed into particle
fractions of 0%, 9%, 17%, 31%, 44%, and 59%. Note here
that a particle density of 2.76 g/cm3 was used for the silt matrix
in the calculation.
For each mix proportion, the required quantities of coral
gravel and silt matrix were prepared in a dry state and divided
into ﬁve proportions. The water content of the silt matrix was
adjusted to 30% by adding water and then mixed to a slurry
state. Then, the coral gravel and the silt matrix were mixed to
be a composite soil with the target mix proportion. The
mixture was densely put into a polyvinyl chloride (PVC) mold
with a Teﬂon coated sheet (150 mm in height and 75 mm in
diameter) with a total of 5 layers. Since the average of the
longest dimension for the coral gravel particles (25.9 mm) is
approximately one-third of the specimen diameter (75 mm),
and the arrangement of the coral gravel particles is in random
directions, we believe that the effect of the size of the coral
fragments on the mechanical behavior should not be signiﬁ-
cant. Note here that long coral fragments tend to concentrate at
the center of the specimen because the fragments cannot lie
across the boundary, indicating that the average volumetric
percentages described above tend to underestimate their net
values. The sample was then frozen at 40 1C for 24 h withTable 1
List of the samples examined in this study.
Sample Percentage of coral
fragments in volume
(particle fraction)
Percentage of silt
matrix in bulk
volume (particle
fraction)
Bulk
density
(g/cm3)
Water
content
(%)
C0S100 0% (0%) 100% (100%) 1.81 29.8
C5S95 5% (9%) 95% (91%) 1.82 26.6
C10S90 10% (17%) 90% (83%) 1.86 24.5
C20S80 20% (31%) 80% (69%) 1.89 22.2
C30S70 30% (44%) 70% (56%) 1.95 19.1
C44S56 44% (59%) 56% (41%) 2.01 16.3
Y. Watabe et al. / Soils and Foundations 55 (2015) 1233–1242 1237rigid stainless plates at the both ends and a clamp ring
surrounding the mold to prevent it from expanding. The frozen
specimen was taken out of the mold, and its dimensions and
weight were measured. Next, the specimen was placed on the
pedestal of the triaxial apparatus and surrounded by paper
drains and a rubber membrane. Then, the specimen cap was set
on it.
After the triaxial cell was assembled, the cell was ﬁlled up
by de-aired water. Small negative pressure (approximately
16 kPa) was applied to the specimen, and the specimen was
thawed gradually over time while ﬂushing it with de-aired
water to increase the degree of saturation of the specimen soil.
The backpressure was set to be 200 kPa to make the specimen,
including the internal voids inside the coral fragments,
sufﬁciently saturated. At this stage, it was conﬁrmed that the
B-value was larger than 0.95 when cell pressure was increased.
Then, the specimen was isotropically consolidated by a
consolidation pressure of 50 kPa, and the specimen was axially
compressed for shearing under undrained conditions for the
CU-bar tests or drained conditions for the CD tests. To meet
both representative soil parameters of c, corresponding to
undrained conditions for low permeable soils, and ϕ, corre-
sponding to drained conditions for high permeable soils, two0
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Fig. 5. Test results of the triaxial CU-bar tests: (a) relationship between principal st
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Fig. 6. Effective stress paths observed in the triaxial CU-bar tests: (a) whole paths ob
the shearing tests.specimens were prepared for each mix proportion. One was
examined by CU-bar tests and the other one was examined by
CD tests. Since the soils examined in this study had relatively
higher permeability, compared to normal clayey soils, the axial
shearing rate was set to 0.1%/min. Note here that the
consolidation pressure of 50 kPa was equivalent to the over-
burden effective stress at a depth of 5–6 m, because the bulk
density of the coral gravel soils was in a range of
1.81–2.01 g/cm3.
The sample ID shown in Table 1 was named to reﬂect the
volumetric percentage of the coral fragments and the silt
matrix following “C” and “S”, respectively.
3. Results of triaxial tests
The test results of the triaxial CU-bar tests are shown in
Fig. 5: (a) the relationship between principal stress difference q
(¼s1–s3) and axial strain εa, and (b) excess pore pressure Δu
and axial strain εa. For the samples with smaller volumetric
percentages of coral fragments, such as C0S100 (coral gravel
of 0%), C5S95 (coral gravel of 5%), and C10S90 (coral gravel
of 10%), the difference in principal stress increased signiﬁ-
cantly at strain from 0% to 1%, it gradually increased at strain-120
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Y. Watabe et al. / Soils and Foundations 55 (2015) 1233–12421238from 1% to 5%, and it remained at almost a constant value at
strain larger than 5%. The excess pore pressure increased at
strain from 0% to 1.5%, and then it gradually decreased, but
remained a positive value. These behaviors are generally
observed for normally consolidated clayey soils. On the other
hand, for the samples with larger volumetric percentages of
coral fragments, such as C30S70 (coral gravel of 30%) and
C44S56 (coral gravel of 44%), the difference in principal stress
signiﬁcantly increased at strain from 0% to 5%, it gradually
increased at strain from 5% to 10%, and then it remained at
almost a constant value at strain larger than 10%.
In this study, the shear strength is deﬁned as half the
difference in maximum principal stress within an axial strain
less than 15%, i.e., the peak strength or the strength at an axial
strain of 15%. The shear strength was 60, 90, 75, 110, 210, and
460 kPa for samples with volumetric percentages of coral
fragments of 0%, 5%, 10%, 20%, 30%, and 44%, respectively.
The shear strength had a tendency to increase with the
volumetric percentage of coral fragments, particularly when
it was larger than 20%. For the samples with volumetric
percentages of coral fragments larger than 30%, although the
excess pore pressure increased at strain from 0% to 1%, it
changed to decrease with strain larger than 1% and became a
negative value at strain larger than 2%. In particular, for
C44S56, very signiﬁcant negative excess pore pressure was
observed, e.g., 120 kPa, at a strain of 15%. C44S56 showed
signiﬁcantly large shear strength corresponding to the closed
drainage valve from the specimen, although the skeletal
structure of the coral fragments tended to dilate signiﬁcantly
with shearing. Since perfectly undrained conditions, like in the
CU-bar tests, are not realistic for in situ coral gravel soils, the
signiﬁcant negative excess pore pressure observed in the CU-
bar tests is thought to be overestimated. Therefore, for the
samples with dense packages of coral fragments, such as
C44S56, the undrained shear strength obtained from the CU-
bar tests was overestimated, resulting in an unfavorable design.
A very signiﬁcant jagged variation was observed during the
shear tests for C44S56. This jaggedness was probably caused
by the particle crush of the coral fragments as well as the
rearrangement of the coral fragments, which resulted in a0
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Fig. 7. Test results of the triaxial CD tests: (a) relationship between principal stress
strain εa.momentary decrease in the principal stress difference. This is
consistent with the jagged behavior caused by the particle
crush reported in the DEM simulation for crushable soils in
Lobo-Guerrero and Vallejo (2006). Similar behavior was also
observed for C30S70 and C20S80, indicating that some coral
fragments came into contact with each other and were crushed
during the shear tests. Therefore, whether or not coral
fragments come into contact with each other can be judged
with the threshold value in the volumetric percentage of the
coral fragments of 20%. The fact is that two different shearing
modes, divided with respect to the large particle fraction, are
consistent with the results of Fragaszy et al. (1992) and Simon
and Houlsby (2006). However, it must be noted that the
threshold value (20% for the samples examined in this study)
may depend on the properties of the large particles, such as the
shape of the coral fragments.
The effective stress paths (relationship between principal
stress difference and mean effective stress) observed in the
triaxial CU-bar tests are shown in Fig. 6. The overall trend of
the paths is a moderate convex shape. For C0S100, which did
not contain coral fragments, the mean effective stress tempora-
rily decreased a little at the beginning, which corresponds to a
slight increase in excess pore pressure, but after that, the path-4
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others. For the samples with volumetric percentages of coral
fragments larger than 5%, the mean effective stress mono-
tonically moved to the upper right. This behavior is often seen
for dense sands, which show signiﬁcant dilation with strain
hardening. Particularly for C30S70 and C44S56, with volu-
metric percentages of coral fragments larger than 30%, the
paths moved to the upper right in a convex shape even at the
last part of the paths. The convex shape was probably caused
by the crush of the coral fragments, as indicated in the
relationship between the principal stress difference and the
axial strain (Fig. 5a).
The test results of the triaxial CD tests are shown in Fig. 7:
(a) relationship between principal stress difference q (¼s1–s3)
and axial strain εa, and (b) volumetric strain εv and axial strain
εa. Similar to the results of the CU-bar tests, the shear strength
(half the maximum principal stress difference) tends to
increase with an increase in the volumetric percentage of coral
fragments, particularly for C44S56 with the densest package
forming a strong skeletal structure.
For the samples with volumetric percentages of coral
fragments less than 10%, volume compression was observed
in the entire process of the shear tests up to strain of 15%. For
the samples with volumetric percentages of coral fragments of
20% and 30%, volume compression was observed at the
beginning, but it changed to volume expansion at larger strain;
however, the observed values were very small. For sample
C44S56, very signiﬁcant volume expansion was observed after
a slight volume compression at the beginning. This remarkable
volume expansion, i.e., dilation, resulted in signiﬁcant strain
softening.
In the relationship between the principal stress difference
and axial strain, for the samples with volumetric percentages of
coral fragments less than 10%, very smooth curves were
observed. However, for the samples with volumetric percen-
tages of coral fragments larger than 20%, some variation in
jaggedness was observed, particularly for C44S56.
The effective stress paths (relationship between principal
stress difference and mean effective stress) observed in the
triaxial CD tests are shown in Fig. 8. Since all of these paths
were obtained from drained tests, the slope is 1:3 from the
deﬁnition. For C44S56, the difference in principal stress
decreased by approximately 40% from the peak, and the stress
ratio q/p' (ratio of principal stress difference to mean effective
stress) decreased from 2.4 at the peak to 2.0 at the end. This
decrease in stress ratio is consistent with the convex shape in
the stress path obtained from the CU-bar tests (Fig. 6).
4. Evaluation of shear strength
The relationship between the maximum principal stress
difference and the volumetric percentage of coral fragments
obtained from both the CU-bar and the CD tests are plotted
in Fig. 9. The volumetric percentage of the remaining portion
of coral fragments corresponds to the volumetric percentage of
the silt matrix. Since the water content of the silt matrix was
set to 30% for all the specimens, the increase in the volumetricpercentage of the coral fragments corresponds to the decrease
in the void ratio of the mixture, which generally governs the
shear strength. In the previous ﬁgures (Figs. 5–8), a typical
data set for each sample was selected and plotted to simplify
the graphs; however, because two specimens for each sample
(three specimens of C44S56 for the CD tests) were examined,
all the test results were plotted in Fig. 9. In both the CU-bar
and the CD tests, shear strength (deﬁned as half the difference
in maximum principal stress) increased slightly with an
increase in the volumetric percentage of the coral fragments
up to 20%, but it signiﬁcantly increased with that larger than
20%. The slight increase in shear strength, even at small
fractions of coral fragments, is consistent with the results
shown in Simon and Houlsby (2006). Note here that the
volumetric percentage of coral fragments of 20% corresponds
to a coral fragment fraction of 31% (see Table 1).
For composite soils consisting of coarse particles and ﬁne
particles, the shearing characteristics are inﬂuenced by the
coarse particles if the coarse particle fraction is higher than
45% (Kumar and Muir Wood, 1999) or 40% (Vallejo and
Mawby, 2000; Vallejo, 2001). In addition, for clay-based
mixtures, the hydraulic conductivity and the shear character-
istics or the one-dimensional compression for the composite
soils is inﬂuenced by the coarse particles if the coarse particle
fraction is higher than 60–65% (Crawford et al., 2008; Watabe
et al., 2011). Compared to these previous studies, the threshold
value of 31% obtained in this study is much smaller. This
smaller value is caused by the bulky package of coral
fragments with long and complex shapes. In fact, the max-
imum volumetric percentage of coral fragments of 44%
corresponds to a skeleton void ratio of 2.27, in which the silt
matrix is regarded as void, showing a bulkier package than that
for normal sand or gravel.
For the samples with volumetric percentages of coral
fragments less than 20%, maximum principal stress difference
qmax, obtained from the CD tests, was slightly larger than that
obtained from the CU-bar tests. The tendency is consistent
with both the positive excess pore pressure in the CU-bar tests
and the volumetric compression in the CD tests corresponding
to the loose package of the silt matrix. The slight densiﬁcation
Y. Watabe et al. / Soils and Foundations 55 (2015) 1233–12421240during the CD tests is the reason for the larger shear strength;
however, the difference between those two test series was very
small. This small difference was consistent with the small
difference in stress paths between the CU-bar and the CD tests
in Figs. 6 and 8, and strain hardening behavior was slightly
observed, but it was not signiﬁcant in Fig. 5a. Note here that, if
the silt matrix is in a loose package, like the samples examined
in this study, the undrained shear strength obtained from the
CU-bar tests should be primarily used for the design.
For samples with volumetric percentages of coral fragments
larger than 20%, the shear strength obtained from the CU-bar
tests was signiﬁcantly overestimated because of the unrealis-
tically large negative excess pore pressure, i.e., the unrealis-
tically large effective stress in the ﬁeld, resulting in the
unrealistically large shear strength. The shear strengths
obtained from the CD tests also show a similar tendency
corresponding to volume expansion; however, these are much
smaller than those obtained from the CU-bar tests. From the
point of view of the determination of soil design parameters,
for sample C44S56, the undrained shear strength obtained
from the CU-bar tests was too large to be used in the design,
because the overly large strength was caused by the unrealis-
tically large negative pore pressure. In consideration of this
fact, the drained shear strength should be used in the design of
samples with abundant coral fragments (volumetric percentage0.80
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fragments, and the relationship between their ratio, (q/p')res/(q/p')max, and the volu
Fig. 11. Relationship between the maximum and the residual values of shear resist
relationship between their ratio, ϕres/ϕmax, and the volumetric percentage: (a) CU-of coral fragments larger than 20% in this study). The
threshold value of 20% is thought to be a minimum percentage
of the coral fragments for the inter-particle contact. The large
shear strength of the samples with abundant coral fragments
were derived from the inter-particle contact and dilatancy of
the coral fragments. This fact indicates that the large shear
strength may decrease due to the particle crush, which is
affected by the conﬁning pressure, i.e., the consolidation
pressure. Therefore, the triaxial shear tests for coral gravel
soils have to be conducted under consolidation pressure
equivalent to the ﬁeld stress conditions.
The relationship between the maximum and the residual
values of the stress ratio, (q/p')max and (q/p')res, respectively,
and the volumetric percentage of the coral fragments, and the
relationship between their ratio, (q/p′)res/(q/p′)max, and the
volumetric percentage for (a) CU-bar tests and (b) CD tests,
are shown in Fig. 10. Similarly, the relationship between the
maximum and the residual values of the shear resistance angle,
ϕmax and ϕres, respectively, and the volumetric percentage, and
the relationship between their ratio, ϕres/ϕmax, and the volu-
metric percentage for (a) CU-bar tests and (b) CD tests, are
shown in Fig. 11. Note here that cohesion c is assumed to be
0 in the calculation of the shear resistance angle, because the
silt matrix was cohesionless. From the CU-bar tests, (q/p′)max,
(q/p′)res, and (q/p′)res/(q/p′)max were 1.62, 1.57, and 0.97,0.80 
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Fig. 12. CT images obtained before and after the shear tests for the sample with volumetric percentage of coral fragments of 44%: (a) CT image for C44S56 and
(b) enlarged image.
Y. Watabe et al. / Soils and Foundations 55 (2015) 1233–1242 1241respectively, for C0S100, and 2.16, 1.92, and 0.89, respec-
tively, for S56C44, or equivalently, ϕmax, ϕres, and ϕres/ϕmax
were 401, 381, and 0.97, respectively, for C0S100, and ϕmax, ϕ
res, and ϕres/ϕmax were 521, 471, and 0.89, respectively, for
C44S56. Similarly, from the CD tests, (q/p')max, (q/p')res, and
(q/p')res/(q/p')max were 1.55, 1.50, and 0.97, respectively, for
C0S100, and 2.38, 2.04, and 0.86, respectively, for S56C44, or
equivalently, ϕmax, ϕres, and ϕres/ϕmax were 381, 371, and 0.97,
respectively, for C0S100, and ϕmax, ϕres, and ϕres/ϕmax were
581, 491, and 0.85, respectively, for C44S56. For the samples
with dense packages of coral fragments, which form a skeletal
structure, stress ratio q/p′ became larger than 2 (shear
resistance angle larger than 501). This value is signiﬁcantly
larger than that for normal soils. This larger shear resistance
angle is probably caused by the high angularity of the coral
fragments with abundant prominences on the particle surface,
as shown in Photo 2.
The plots of (q/p′)max or ϕmax can be approximated as a
moderate concave curve, the plots for (q/p')res or ϕres can be
approximated as a moderate convex curve, and the plots for (q/
p′)res/(q/p′)max or ϕres/ϕmax can be approximated as a convex
curve with a peak value. Similar to the tendency for maximum
principal stress difference qmax, stress ratios (q/p′)max and (q/p′
)res or shear resistance angles ϕmax and ϕres increase with the
volumetric percentages of coral fragments. In addition, when
the volumetric percentage of coral fragments increased over
20%, the difference between (q/p′)max and (q/p′)res or ϕmax and
ϕres became signiﬁcant, in particular, the residual value was
approximately 15% smaller than the maximum value for the
volumetric percentage of coral fragments of 44%.5. Observation of internal fabric and structure by CT
scanner
For the samples with volumetric percentages of coral
fragments of 44% (C44S56), the internal fabric and the
structure of the samples before and after the shear tests were
observed by the CT scanner, and the CT images are shown in
Fig. 12. The CT images with 256 grayscale, light and darkcolors indicate high and low densities, respectively. As the
coral fragments used in this study were from a type of ﬁnger
corals, as shown in Photo 2, cross sections of the coral
fragments can be identiﬁed as circular or ellipsoidal shapes
and longitudinal sections of the coral fragments can be
identiﬁed as long grains. Some of the ﬁnger-coral fragments
had branched shapes. Note here that because the ﬁnger-coral
fragments are porous media, the inside of the fragments tends
to appear dark in color.
In C44S56, with abundant coral fragments in the densest
package, almost all of the coral fragments came into contact
with the others, and it can be conﬁrmed that most of them were
crushed by the large deformation. The particle crush can be
identiﬁed in the CT images as cracks, which are seen as thin
black lines in the coral fragments (see the enlarged image).
From these observations, and focusing on the particle crush in
the CT-images, it is evidenced that the jaggy variation in the
stress–strain relationship observed in Figs. 5a and 7a was
associated with the crushing of the coral fragments. Therefore,
it can be said that, in determination of the shear strength for
coral gravel soils, not only the inter-particle contacts, but also
the particle crush of the coral fragments, has to be considered.6. Conclusions
The present paper examined the mechanical characteristics
of coral gravel soils consisting of coral fragments and a silt
matrix. The main conclusions are given hereunder.
1. The main mineral for the silt matrix examined in this study
was aragonite, which is a dominant mineral expressed as
CaCO3 for corals. This mineral component is one of the
reasons why most silt matrixes of coral gravel soils are non-
plastic.
2. In both CU-bar and CD tests, the shear strength signiﬁ-
cantly increased with an increase in the volumetric percen-
tage of coral fragments larger than 20%.
3. For the samples with volumetric percentages of coral
fragments less than 20%, the shear strength increased
Y. Watabe et al. / Soils and Foundations 55 (2015) 1233–12421242slightly with an increase in the volumetric percentage of the
coral fragments. The shear strength obtained from the CD
tests was slightly larger than that obtained from the CU-bar
tests; however, the difference between the two test series
was very small. If the silt matrix is in a loose package, the
undrained shear strength obtained from the CU-bar tests
should be primarily used for design.
4. For samples with volumetric percentages of coral fragments
larger than 20%, particularly 44% that is the percentage for
the densest package, the shear strength obtained from the
CU-bar tests was signiﬁcantly overestimated as a design
parameter, because the large strength was derived from
unrealistically large negative excess pore pressure caused
by signiﬁcant dilatancy. The shear strength obtained from
the CD tests also showed a similar tendency when derived
from volume expansion; however, these values were much
smaller than those obtained from the CU-bar tests. In
consideration of these facts, the drained shear strength
should be used in the design of samples with dense
packages of coral fragments.
5. For the samples with dense packages of coral fragments,
stress ratio q/p' became larger than 2 (equivalent to a shear
resistance angle larger than 501). This value is signiﬁcantly
larger than that for normal soils. This larger shear resistance
can be explained by the high angularity of the coral
fragments with abundant prominences on the particle
surfaces.
6. Similar to the shear strength, shear resistance angle ϕ
increased with the volumetric percentage of the coral
fragments. In addition, when the volumetric percentage of
coral fragments increased over 20%, a signiﬁcant reduction
in the shear resistance angle after the peak value was
observed.
7. A signiﬁcantly jagged variation was observed during the
shear tests for samples with the volumetric percentage of
coral fragments larger than 20% (coral particle fraction of
31%). This jagged variation was caused by particle crush,
which was visually evidenced through CT-images observed
before and after the triaxial tests.
8. In an evaluation of the shear strength of the coral gravel
soils, particle crush and inter-particle contact were found to
be the key factors governing the shear strength.
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